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Abstract: The shift towards electrified industrial energy systems is pivotal for meeting global
decarbonization objectives, especially since process heat is a significant contributor to greenhouse
gas emissions in the industrial sector. This review examines the changing role of heat exchanger
networks (HENs) within electrified process industries, where electricity-driven technologies,
including electric heaters, steam boilers, heat pumps, mechanical vapour recompression, and Organic
Rankine Cycles, increasingly supplant traditional fossil-fuel-based utilities. The analysis identifies
key challenges associated with multi-utility integration, multi-pinch configurations, and low-grade
heat utilisation, influencing HEN design, retrofitting, and optimisation efforts. A comparative
evaluation of various methodological frameworks, such as mathematical programming, insights-
based methods, and hybrid approaches, is presented, highlighting their relevance to electrified
systems’ specific constraints and opportunities. Case studies from chemicals, food processing, and
cement sectors demonstrate the practicality and advantages of employing electrified HENSs,
particularly concerning energy efficiency, emissions reduction, and enhanced operational flexibility.
The review concludes that effective strategies for HENs are essential in industrial electrification,
facilitating increased efficiency, diminished emissions, and improved economic feasibility, especially
when integrated with renewable energy sources and sophisticated control systems. Future initiatives
must focus on harmonising technical advances with system-level resilience and economic
sustainability considerations.

Keywords: heat exchanger network; industry electrification; process integration; decarbonization

1. Introduction

The magnitude of the climate crisis now demands the complete decarbonization of the economy,
rather than merely reducing emissions. This means not just improving the efficiency of fossil fuel use
but eliminating them entirely. Achieving this goal requires transitioning to zero-carbon energy,
primarily through the electrification of sectors that have traditionally relied on non-electric energy
sources and rethinking the role of energy efficiency in decarbonization of society [1]. The industry
sector generated 9.0 Gt of CO: in 2022, which is about 25% of global emissions, according to the
International Energy Agency (IEA) [2]. This amount must be reduced by ambitious 7.0 Gt of CO2 by
2030 according to Net Zero Emissions by 2050 Scenario (NZE Scenario) [3]. In 2022, the heat process
accounted for approximately two-thirds of greenhouse gas emissions from the industrial sector.
Achieving a climate-neutral industry necessitates a transition in process heat generation, shifting to
carbon-neutral energy sources. Since the industrial sector primarily uses fossil fuels, and renewables
are still not used in industry, these emissions can be relevant to energy consumption. For example,
according to Eurostat, the European Union (EU) industry was responsible for 25.6% of total energy
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consumption in 2022 [4] and is based mostly on electricity and natural gas, while renewables and
biofuels account for 11%, as shown in Figure 1.
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Figure 1. Share of different energy sources in the EU industrial sector in 2022 based on Eurostat.

A detailed analysis of the technological potential of hydrogen and electricity as alternative
sources for process heat identified the primary barriers to adoption and outlines necessary actions
for effective policy frameworks [5]. The electrification of the chemical industry necessitates the
identification of well-defined targets for chemical processes that can significantly influence the
energy-carbon nexus [6]. Prioritising such processes is crucial for maximising the impact on energy
efficiency and carbon reduction. By focusing on these key areas, the industry can accelerate the
transition towards sustainable and low-carbon production methods, thereby addressing the dual
challenges of reducing greenhouse gas emissions and optimising energy use [7]. The impact of
industry electrification within the framework of various 100% renewable energy system scenarios
can be considered by different key stakeholders [8]. It examined how the role of electrification may
vary depending on the specific context. The findings indicate that direct electrification of industrial
process heat demands is generally preferable to alternatives such as shifting to hydrogen-based
process systems, despite the latter’s potential to offer greater flexibility. This preference for direct
electrification highlights its superior efficiency and effectiveness in contributing to decarbonization
efforts within industrial processes [9].

Process industries, where the target product requires chemical transformations, remain the
primary energy consumers. They are chemical, petrochemical, pulp and paper, food and beverages,
etc. The production system of these industries includes chemical reactors, product and by-product
separators supplemented by a heat exchanger network (HEN) to supply and recover the energy of
the main processes and utility (see Figure 2). HEN has a crucial role in the energy use of process
systems by heat recovery and supplying thermal utility for heating and cooling purposes; the main
perspectives were described in [10]. The negative emission technologies exhibit varying levels of
permanence and durability in their carbon dioxide removal capabilities that may present significant
challenges. However, established principles and process integration techniques can be effectively
adapted to address the emerging complexities associated with planning carbon dioxide removal
portfolios [11].

Heat exchanger network synthesis [12] and retrofit [13] is a long-term objective that has been
developed by many researchers [14]. That was mainly related to fossil fuel-based industries with
specific utility system features [15] and HEN development approaches [16]. Environmental
challenges change the paradigm for industrial energy systems, applying electrification of fossil fuel-
based utilities by replacing them with renewable energies.
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Figure 2. Heat exchanger network in the process system hierarchy.

This assumes modified approaches for HEN synthesis and retrofit, applying new heating and
cooling strategies, heat recovery, heat engine applications, trade-offs between capital expenditure
(CAPEX) and operation cost (OPEX), etc. The chemical process with electrified thermal utility and
heat exchanger network is illustrated in Figure 3.
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Figure 3. An example of the electrified chemical process with a heat exchanger network. Red lines are the

electricity grid; blue lines are steam lines.

The diagram in Figure 3 depicts a simple chemical process integrated with an electrified utility
system, highlighting electricity’s role in facilitating thermal and mechanical operations within a
sustainable industrial framework. Central to this system is an electrified boiler that utilises electrical
energy, symbolised by the transmission tower, to produce high-pressure steam (illustrated by red
lines). This steam is conveyed through a network of heat exchangers, where it transfers thermal
energy to various process streams, thereby supporting endothermic chemical reactions or meeting
heating requirements. Upon releasing its thermal energy, the steam is condensed (represented by
blue lines) and converted back into water, which is then pumped through feedwater preheaters,
completing the closed-loop system. The utility network substitutes traditional fossil-fueled boilers
with electric heating solutions, promoting decarbonization and operational flexibility. Additionally,
the presence of electrically driven compressors and pumps underscores the transition from fossil fuel-
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dependent mechanical processes to electrification. The interconnected loops and control valves
signify an optimised heat exchanger network that maximises energy recovery, minimises emissions,

and provides precise temperature control throughout the processes, all reliant on a centralised electric
grid.

2. Challenges in Heat Exchanger Network Developments

2.1. Multiple Utility and Driving Forces

The electrification of industrial energy systems presumes using different types of utility heat
transfer equipment such as electric furnaces [17], electric heaters [18], plasma heaters [19], electric
steam boilers [20], etc. This means modifying the targeting procedure compared to a fossil fuel-based
energy system [21]. The main principle is keeping the hot utility colder, and cold utility hotter may
remain unchanged, but there is no need to cascade the heat from high-temperature utility to lower
levels, which makes cogeneration useless [15].

However, this problem becomes untrivial when considering different types of equipment for
process stream heating. For instance, in the case of steam heaters, the heat transfer area of heat
exchangers can be reduced when the steam temperature is higher [22]. However, this may increase
the equipment cost due to higher pressure and temperature levels of the vessel. The problem with
energy capital trade-off may be reduced when using the direct heating of process streams with
electric heaters, electric furnaces, etc. The diagrams in Figure 4 can illustrate this issue.
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Figure 4. Grand composite curve (GCC) with different hot utilities; a) one steam level; b) two steam levels; c)
electric heaters.

Steam expansion is useless for electricity generation; the electricity originally obtained from
cogeneration plants should be substituted by electricity exported from the grid or produced by
renewable energies [23]. Electricity-based heating systems offer greater flexibility in the HEN
compared to fossil fuel-based systems. This increased flexibility can significantly reduce the design
complexities associated with HEN under electrification. Modifying the industrial utility system also
affects the development strategy for utility heat exchangers in the overall network context, and the
number of units, unit type and temperature level should be defined. Site-wide energy systems can be
engineered based on the thermal demands and specific types of utilities required at the process level.
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In industrial complexes with multiple units or processes, a centralised utility system is typically
employed in non-electrified environments to generate and distribute steam to individual plants [24].

2.2. Multi-Pinch Problem

The utilisation of different temperature levels for utility heat transfer in HEN creates multiple
pinch points, complicating the design and optimisation process. In conventional systems, this
challenge is typically addressed by dividing the HEN into distinct design regions [25], each balanced
using appropriate utilities [26], such as low- or medium-pressure steam, or process furnaces, to meet
the remaining heat demands. Electric heaters can be employed in any design region in electrified
processes, offering greater flexibility. However, the selection of heating units must be carefully
tailored to the specific process conditions. Additionally, when integrating different design regions
that are separated by utility pinches, the number and configuration of electric heaters, steam boilers,
and furnaces must be optimized to ensure efficient energy utilization and minimize operational costs.
Targeting procedure demonstrates the temperature profile for heating cold streams but different
heaters can be used for different process streams at the same temperature level as presented in Figure
5. Besides, an additional degree of freedom exists when using electric heaters, since they can be used
at any temperatures not violating the pinch rules [27], which creates additional variables when
developing HEN with mathematical programming [28].
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Figure 5. Grid diagram with multiple pinches. a) merging of electric heaters; b) replacement of electric heaters.

When addressing high-dimensional problems in the synthesis HENs, achieving near-globally
optimal solutions is paramount. This objective can be effectively pursued through a recently
proposed two-step approach that integrates Mixed-Integer Linear Programming (MILP) and Mixed-
Integer Nonlinear Programming (MINLP) techniques [29]. The novel methodology capitalises on the
decomposable structural characteristics inherent to HENs, enabling the independent synthesis of
multiple HENs in the initial step [30]. Subsequently, a compact and computationally efficient MINLP
model is formulated in the second step, facilitating the cost-optimal design of HENs within each
plant. Such approaches streamline the synthesis process and enhance the scalability and feasibility of
solving complex HEN synthesis problems and process design in industrial applications [31].

2.3. The Use of Heat Engines to Cut Energy Targets

The emerging paradigm of industrial energy systems, characterised by a high reliance on
electricity, necessitates the integration of various heat engines to enhance energy integration and
optimise the utilisation of low-grade heat, which is often dissipated into the environment [32]. This
consideration is increasingly essential in integrating renewable energy sources into industry [33],
where efficient energy management and waste heat recovery are critical for maximising overall
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system efficiency and sustainability [34]. As renewable energies and CO: capture play a larger role
[35], effectively harnessing and repurposing low-grade heat becomes essential to achieving a more
resilient and energy-efficient industrial infrastructure [36].

2.3.1. Heat Pumps

This increasingly critical concept necessitates the development of an expanded suite of process
analysis tools to thoroughly understand the complex interactions between heat recovery and process
electrification, such as the integration of heat pumps [37]. It can be solved with Exergy Pinch Analysis
tools and methodologies to establish lower bound work targets by precisely balancing process heat
recovery with heat pumping strategies [38]. These advanced tools enable a more accurate assessment
of the thermodynamic efficiency of industrial processes, providing a robust framework for
optimising energy use and enhancing the sustainability of electrified industrial systems. The heat
load flexibility of the process plant is crucial for efficient integration of heat pumps, as it may
seriously affect economic performance that is confirmed by the increase in net present value (NPV)
of 19.3% for a specific case study [39]. The economic efficiency of heat pump integration into the
industrial process can also be improved by varying the temperature of the refrigerant in condensers
and reboilers, affecting the HEN [40]. Dynamic Pinch Analysis Targeting improves heat pump
integration into batch process plant, resulting in 33% less equipment size and decreased operating
cost [41]. An optimal heat-integrated water network with a heat pump can be developed by creating
the superstructure with mathematical programming [42]. The cost of energy inputs plays a significant
role in determining the choice between a heat pump and a gas boiler, impacting the overall system
efficiency and the marginal cost of the final solution [43]. The use of heat pumps within the industrial
systems was extensively summarised by Bobbo et al. [44], the essential role of heat exchangers was
underlined and described in different industrial environments.

Distillation remains the predominant and most widely utilised method for splitting components
in condensable mixtures and needs enormous amounts of thermal energy. Heat pumps are vital for
electrifying distillation systems [45], which use around 30% of heat energy in chemical processes via
utility heat exchangers. It could be a part of a heat recovery system utilising the heat of condensers
to process stream heating. The electrification of distillation columns has been investigated intensively
over the last decades [46], delivering research insights and practical recommendations. The exergy-
based optimisation allows for an improved heat load distribution that can significantly improve the
internal efficiency and further enables a conceptual design of heat pump-assisted distillation. It was
applied in azeotropic distillation of multi-component mixture [47], natural gas liquid processing [48],
methanol-water distillation [49], biofuel recovery [50], and others. For instance, applying heat pump
assisted distillation for light hydrocarbon separation generates an extensive HEN and results in a
60% reduction in thermal energy consumption [51].

2.3.2. Mechanical Vapour Recompression

Some processes can be completely electrified by selecting alternatives between Mechanical
Vapour Recompression (MVR) and heat pumps [52]. Vapour recompression heat pumps play a
supplementary role in decarbonising distillation processes by enhancing their efficiency and
facilitating the electrification of process units. The use of intermediate heating methods, such as
intermediate reboilers and feed evaporators, can further optimise the performance of these heat
pumps [53]. By lowering the temperature of the heat source, these methods contribute to reduced
payback for investments, making them more economically viable. This may improve energy
efficiency and support the transition towards sustainable and low-carbon distillation processes.
Modifying milk production with MVR and Thermal Vapour Recompression (TVR) resulted in
primary energy saving of 13.7 %—41.6 % and emissions saving of 14.5 %—47.3 %. Besides, such changes
in energy and environmental benefits result in complications in HEN retrofit [54]. The MVR is used
for an ethane-ethylene distillation column with optimised process parameters; thus, the refrigerant
consumption for the overhead vapour condensation is reduced by 34.29 % compared to the base case,
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and overall utility consumption is reduced by more than 50% [55]. The final design requires both the
involvement of new heat exchangers and the use of existing ones, which initiates a new optimisation
problem for the generated heat recovery network. The investigation of MVR for milk production
applying triple effect fouling film evaporators reveals the necessity of several control loops that also
generate some limitations of the specific process [56]. The vapour recompression is mostly used in
the food industry due to low-temperature processes, and efficiency can be confirmed from both
technical and economic sides. Different vapour recompression systems for the food industry were
summarised, and heat transfer equipment configuration was demonstrated [57]. However, the MVR
can also be used to intensify different processes, e.g., biodiesel production, resulting in electrification
of thermal utility and extension of the water coolers network and reassembling the main process flow
diagram (PFD) [58]. The application in sulfuric acid waste treatment demonstrated improved energy
efficiency through recovering the latent heat of vaporization but the exergy efficiency is still low with
high exergy destruction contributed by compressor [59]. This confirms the opportunities for process
improvements on the unit and system level, especially if such technology is a part of a large industrial
facility. Optimisation of heat-integrated distillation sequences can be performed by stochastic
optimisation employing MVR as the main vehicle of electrification [60]. The generated flowsheets for
five-component separation include the heat exchanger networks of condensers and evaporators with
different total annual costs, where the detailed design is challenging due to condensation and
evaporation in the same vessel. Both network optimisation and process intensification are vital to
achieve CAPEX reduction. Intermittent mechanical vapour recompression is also considered to
reduce the primary energy target, and the case study demonstrated 73.86% less energy compared to
the single-effect evaporation [61]. The synergetic effect of the MVR coupled with HEN optimisation
may reduce the thermal energy targets and cut the electricity requirements that are very important
when integrating renewable electricity within industrial processes [53]. The batch processes require
a completely different approach for process integration and optimisation [62]. However, MVR can be
applied with heat steam storage technology [63]. The experimental results confirmed the batch
evaporation process, consuming a small amount of electricity at a specific schedule. This issue should
be additionally addressed when integrating heat pumps into the industrial environment. The control
strategy becomes crucial and allows for integrating thermal energy storage into industrial facilities,
improving the flexibility of electrified batch processes [64].

2.3.3. Organic Rankine Cycle

The electrified industrial energy system presumes that heating and cooling facilities are driven
by electricity from the grid, which means a huge grid extension is needed to implement such a
strategy. In this scope, industrial waste heat can be used for electricity generation to reduce energy
export from the grid. Organic Rankine Cycle (ORC) is a long-term developing technology which can
be used for these purposes. However, it faces many challenges when applied on an industrial scale
[65]. The energy targets of industrial clusters can be additionally investigated to find the maximum
energy utilisation by ORC, as shown in Figure 6.
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Figure 6. Waste heat targeting by GCC for ORC integration into industrial cluster.
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The integration of ORC generates a new problem for HEN development, especially when
considering big industrial sites. It was well-illustrated by Hipolito-Valencia et al., demonstrating the
complexity of the superstructure (see Figure 7) and problem solving with the illustrative case studies
where plants with two hot and cold streams are considered [66]. A real industrial environment has
many more process streams that increase the task complexity, e.g.,, a polymer plant’s specific
pyrolysis and gas separation units have more than 120 streams, from which more than 60 are cold
ones [67].
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Figure 7. The HEN superstructure of ORC inter-plant integration (from [66]).

The utilisation of industrial low-grade waste heat with a reversible high-temperature heat pump
and ORC may generate both electricity and useful heat, but HEN performance should be optimised
as well as the individual heat exchangers [68]. The dynamic performance of the ORC for utilisation
of industrial waste heat is crucial to maintain the pinch point while condensing the working media,
which seriously affects heat exchanger performance and requires a modelling approach [69]. A
hybrid system can be used to use industrial waste heat, including a solid oxide fuel cell with a gas
turbine and reverse osmosis for power and water production. The ORC can be used as a subsystem
to utilise the waste heat generated by the system. The process flowsheet includes eight heat
exchangers that have the potential for performance optimisation despite the proven economic
efficiency of the system, which may generate additional operating cost reduction of up to 20 million
euros [70]. The prediction of the transport properties of hydrocarbon working fluids is important to
define the proper sizing of all ORC components, especially heat exchangers [71]. The availability of
waste heat sources is often inconsistent, which adds more variables when integrating the ORC,
resulting in an additional problem for heat transfer equipment to prove its techno-economic viability
[72].

2.4. The Role of Energy Efficiency

The electrification of industrial processes will significantly increase the demand for renewable
energy to achieve decarbonization on the supply side. This shift will necessitate substantial
investments in energy generation infrastructure and grid expansion, which must ensure a reasonable
return on investment. To alleviate the associated economic burden, the concept of energy recovery in
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process systems should be revisited. In traditional process systems, heat recovery targets are
determined by balancing energy costs against the investment required for heat transfer areas (Figure
8a) [73]. The use of renewable energy may shift the optimal point to higher ATmin (Figure 8b) due to
last trends in renewable energy prices that went below fossil fuel according to Net Zero Emission by
2050 [74]. However, when implementing electrified industrial utility systems, grid expansion and the
potential need for new energy generation facilities must be considered when optimising such trade-
offs. The selection of the optimal minimum temperature difference (ATmin) may involve a balance
between grid extension and HEN investment (Figure 8c).
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Figure 8. Targeting a trade-off between energy and capital expenditure for HEN design. a) fossil fuel-based

thermal utility; b) renewables-based thermal utility; c) process with electrified utility.

When addressing such challenges, reducing the primary energy target is essential to achieving
the economic feasibility of industrial energy systems. Enhanced heat recovery will likely play a
dominant role, potentially supplemented by heat engines; however, optimisation remains necessary
to ensure both technical and economic viability. In this context, maximising heat recovery leads to
minimizing driving forces to their lowest possible values and will impose specific demands on heat
transfer equipment. Various types of high-efficiency heat exchangers can be integrated into industrial
environments [75], though they may encounter additional operational challenges on the supply and
demand sides [76]. These include issues related to temperature and pressure levels [77], installation
space, pressure drop [78], fouling [79], exposure to aggressive media [80], the use of specialised
materials [81], and reliability concerns [82].

2.5. Heat Transfer Enhancement

Enhancing heat transfer is crucial for the effective performance of heat exchangers, electric
heaters, and steam boilers, particularly for addressing operational challenges and minimising design
CAPEX. In tube heat exchangers, the incorporation of helical grooves has significantly improved heat
transfer efficiency by inducing turbulence and increasing the effective surface area. However, the
optimal configuration of the helix angle remains to be established [83]. Investigations into helical and
segmental baffles are essential for improving the performance of electric heaters; the heat transfer
coefficient markedly increases when optimal inclined angles for baffles are identified [18]. Further
advancements on the shell side of tube heat exchangers can be achieved through the implementation
of Savonius-shaped baffles [84], optimisation of circular baffles [85], and the use of spiral perforated
baffles within coiled elastic copper tubes [86].

The twisted elliptical tube heat exchanger has improved overall performance for heat recovery
processes, as evidenced in the context of MVR, although it warrants further precise application
investigation [87]. Integrating a fully twisted inner pipe combined with conical rings enhances the
performance of heat exchangers, with configurations featuring six full twists and conical rings
demonstrating substantial improvements in both flow directions [88]. Innovative designs that
mechanically influence and alter the boundary layer can further intensify heat transfer, utilising
devices such as wide, thin, elongated vibrating turbulators made of latex [89]. Cross-flow designs are

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1831.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 May 2025 d0i:10.20944/preprints202505.1831.v1

10 of 28

employed for gas heating and cooling applications, focusing on increasing the low heat transfer
coefficients within gas flows [90].

The approach to temperature management is critical for developing reliable solutions,
achievable through high-efficiency heat exchangers. Convectively enhanced radiant orifice panel
heat exchangers improve thermal performance by combining forced convection with radiant panels,
though this method is primarily applicable to air systems [91]. For high-temperature applications,
maximising heat utilisation hinges on the proper design of heat transfer equipment [92]. The
integration of phase change materials in heat recovery systems can reduce overall energy demand;
however, effective strategies for heat transfer enhancement in shell-and-tube and plate designs must
be established [93]. Techniques such as additive manufacturing [94], advanced computational fluid
dynamics (CFD) analysis [95], and machine learning algorithms [96] can be leveraged to augment
heat transfer across various heat recovery units.

The fouling phenomenon poses a significant threat to the operational efficacy of heat exchangers,
particularly electric heaters, necessitating the exploration of various mitigation strategies [79]. Recent
proposals have suggested the efficacy of micro/nano-scale surface modifications and the application
of electric currents to inhibit microbial fouling [97]. Additionally, the variability inherent in supply-
side operations presents challenges to heat exchanger networks (HEN), requiring investigations into
network stability and implementing advanced regulatory strategies [98]. An active control method
employing micro cuboid vortex generators has been proposed, demonstrating a performance
coefficient enhancement of up to 7.01% [99].

2.6. Low-Grade Heat

Low-temperature process heat, often considered a by-product and typically discarded through
cooling systems [100], represents a significant and underutilised energy resource within industrial
sectors. Instead of being yielded as waste, this thermal energy can be effectively repurposed for a
variety of applications, including district heating networks [101,102], ORC systems [103,104], and
comprehensive Total Site heat integration strategies [105,106]. This repurpose enhances energy
efficiency and promotes sustainability within industrial processes.

A critical enabler of this transition from waste heat to valuable resource is the implementation
of heat pumps to elevate low-grade thermal energy to more usable temperature levels, thereby
expanding the potential applications of this previously neglected energy source [107]. Heat pumps
emerge as a foundational technology essential for optimising energy consumption, electrifying the
process heat, decreasing operational costs, and minimising carbon emissions throughout industrial
clusters by facilitating temperature lifting and addressing discrepancies between energy supply and
demand.

The systematic harnessing of this “lost” energy creates new capacity for sustainable and circular
energy use, marking a pivotal advancement in achieving resilience and sustainability in industrial
operations [108]. Furthermore, integrating low-temperature process heat into energy systems fosters
a decentralised energy approach, reducing reliance on fossil fuels and promoting the incorporation
of renewable energy sources [109].

In addition to district heating and ORC systems, low-temperature heat recovery can support
various applications such as agricultural heating, greenhouse operations, and residential heating
solutions. The versatility of reusing this energy showcases its potential to alleviate pressure on
existing energy infrastructures while providing economic benefits to industries that adopt these
innovative solutions.

As industries seek to future-proof their operations against climate change and resource scarcity,
leveraging low-temperature process heat through advanced heat pump technologies aligns with
broader sustainability goals [110]. This transformative approach supports compliance with
regulatory standards for emissions reductions and enhances overall operational efficiency and
economic viability, paving the way for a more sustainable industrial landscape. Maximising the
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utility of low-temperature process heat is not merely an option; it is becoming an imperative for
industries striving to thrive in an increasingly environmentally conscious world.

2.7. CAPEX and OPEX Assessements

As industries increasingly transition to electrified energy systems, a comprehensive
understanding of CAPEX and OPEX becomes crucial for making informed investment decisions.
Recent studies have provided valuable insights into how the cost structures of energy systems evolve
during this shift, highlighting both new opportunities and complexities [111]. CAPEX is frequently
observed between heat recovery systems and traditional fossil fuel-based configurations [112]. This
indicates that electrification does not necessarily entail a higher upfront investment for integrating
new energy technologies [113]. Industries can thus invest in electrified solutions without significant
financial penalties compared to conventional systems.

However, the cost structures for utility exchangers exhibit substantial variability. Electric heaters
[114], steam boilers [115], and electric furnaces [116] carry distinct cost profiles that differ
considerably from their fossil fuel-based equivalents. These variations affect the initial investment
costs and have implications for the overall design and feasibility of the energy systems, necessitating
careful consideration during the planning stages [117]. On the OPEX front, the volatility of electricity
prices plays a critical role in determining operational expenditures. In electrified systems, operational
costs are increasingly influenced by fluctuations in dynamic energy markets[118]. Therefore,
strategies such as flexibility in energy consumption, implementation of smart control systems, and
tariff optimisation become essential for enhancing cost efficiency and mitigating financial risks
associated with energy price volatility.

Successfully balancing CAPEX and OPEX in this evolving landscape requires a nuanced and
multifaceted approach. Such an approach must integrate economic considerations, technological
advancements, and environmental frameworks [119]. For a resilient and future-ready energy system,
industries must carefully evaluate and adapt to the changing dynamics of energy costs [120].
Moreover, as markets evolve and the demand for electrification increases, there is an opportunity for
businesses to invest in emerging technologies that enhance energy efficiency and sustainability. For
instance, utilising demand response strategies, energy storage solutions, and innovative grid
technologies can further optimise CAPEX and OPEX [121]. By thoroughly analysing the interplay
between CAPEX and OPEX and adopting forward-thinking strategies, industries can position
themselves not only for compliance with future regulations but also for competitive advantages in
an increasingly electrified world. This proactive stance is essential for fostering sustainable growth
and ensuring long-term operational resilience in evolving energy market dynamics.

2.8. Equipment Challenges

The transition to electrified heating in industrial processes entails many technical and
operational challenges, particularly concerning the design and integration of heat exchanger
networks. Some process streams are well-suited for direct electric heating, utilising technologies such
as electric immersion heaters [122], resistance heaters [123], or induction coils[124]. The successful
integration of these technologies often necessitates considerable upgrades to existing electrical
infrastructure. This includes enhancements to power distribution systems, advancements in control
mechanisms, and the implementation of robust safety measures to accommodate the increase in
electrical load and maintain operational safety. It is crucial to note that not all process streams can be
electrified effectively. For instance, high-viscosity fluids, streams containing reactive components, or
sensitive product lines may necessitate continued steam heating due to safety concerns, quality
control mandates, or compatibility issues. Consequently, steam heating networks must often remain
operational, resulting in hybrid systems that can complicate overall system design and increase
maintenance requirements [125,126].

Electrified heating solutions can lead to elevated wall temperatures within equipment [127]. This
increase may exacerbate fouling and material degradation, particularly in streams known to be prone
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to fouling [128]. The existing literature extensively documents these challenges, underlining the
necessity for meticulous thermal management practices and proper material selection to ensure long-
term operational reliability [79]. Effective strategies may include using advanced coatings or self-
cleaning technologies that help mitigate fouling rates. While electrification offers significant energy
and environmental advantages, it necessitates fundamentally reevaluating equipment design and
operational strategies to maximise its potential benefits. This involves not only adapting existing
infrastructure but also exploring new designs for heat exchanger networks that can optimise heat
transfer and ensure efficient integration of electric and steam heating solutions. Additionally,
implementing advanced control strategies [129] and predictive maintenance [130] can enhance
hybrid systems’ efficiency. Leveraging data analytics and real-time monitoring can facilitate better
decision-making and operational adjustments, ultimately leading to improved energy utilisation and
reduced operational costs [131].

3. Rethinking of Heat Exchanger Networks for Electrified Industrial Energy
Systems

The new paradigm of electrified industry presents the prospective role of HENs within an
industrial energy system, highlighting the significance of renewable energy integration and
electrification. This framework uses renewable energy sources such as solar and wind to supply the
power grid and industrial processes. The HEN functions as a central hub for efficient heat recovery
and redistribution, linking various thermal network components as illustrated in Figure 9. This
includes the provision of process heating and integrating technologies such as MVR, heat pumps,
and ORC, which enhance energy conversion and facilitate thermal recycling.

Mm Power grid %

Renewable
energy ﬁ\ﬂ
EI Steam
Process boiler
Thermal networks T ? T ?

] L] l L] L) l L] L] l

| |
M@y % ®OA

Space  Thermal MVR Iﬂﬁﬁ; ORC  Cooling
heating  storage tower

“Ore 8y

HEN

Figure 9. HEN positioning in electrified industrial energy systems.

Furthermore, the system accommodates low-temperature heat distribution for district heating
systems and applications like water and space heating, thus expanding its utility beyond industrial
operations. Incorporating thermal storage units boosts operational flexibility, while cooling towers
are employed to manage excess heat. This interconnected strategy enables significant energy savings,
reductions in greenhouse gas emissions, and overall system optimisation, promoting sustainable
industrial practices.

3.1. Interpretation and Development of HEN for Industrial Energy Systems
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The existing interpretation of HEN within grid diagrams necessitates a comprehensive
reevaluation. Traditionally, HENs are conceptualised as simplified conduits for thermal integration
[132], as presented in Figure 10. However, this oversimplification may obscure critical elements such
as energy transfer pathways, pinch point considerations, and the system’s operational flexibility. A
more nuanced representation of HENs should elucidate distinctions among direct heat exchange
processes, utility integrations, and intermediate thermal storage systems. This modified framework
would ensure that the grid diagrams accurately reflect the intricate thermal and operational
interdependencies critical to efficient thermal energy management.

There is a pressing need for a structured methodology to create grid diagrams that incorporate
contemporary and varied thermal technologies. Notable inclusions in this approach should feature:
e Heat pumps that should be clearly delineated into input and output streams, along with

annotations of their COP, should aptly represent the efficiency of these systems.

e  The illustration of MVR systems must encompass both thermal and mechanical flow metrics to
reflect their dual operational characteristics.

e A thorough integration of ORCs should capture the nuances of waste heat recovery mechanisms
and the associated power generation cycles.

¢  Energy storage, utilising both the process waste heat and process heating under varying energy
supply and waste heat demand sides.

. Steam boilers, electric heaters/furnaces, plasma heaters, or microwave heaters are also available.
These components should be represented with comprehensive inflows illustrating fuel or
electric inputs, juxtaposed against their thermal output. It is essential to distinctly differentiate
the roles of utility heat and process heat.

Utility Process

pinch Legend

I Heat exchanger

@ Heater
© Cooler

o—» Hot stream
<—0o Cold stream

& °

(H)—

«~—®

Figure 10. Traditional representation of HEN in a grid diagram.

This methodological framework must prioritise consistency in symbols, clear flow directional
indicators, and a representation of energy quality (temperature levels), ultimately enabling
comprehensive comparability across diverse systems and configurations.

The representation of equipment types within the grid diagram should be significantly
improved to clearly differentiate their functional roles in heating, cooling, recovery, or conversion
alongside their energy sources (thermal, electrical, or renewable) and thermodynamic properties
(temperature lift and heat duty). Implementing standardised icons and colour-coding,
complemented by a legend for reference, would mitigate ambiguity and facilitate automated analysis
of the thermal systems. The interpretation of HEN within the grid diagram was previously
implemented in different software and utilities that support different process system engineering
simulation environments.

Integrating a synthesised overview of the current system design state into the grid diagrams is
crucial for illuminating key operational attributes, identifying inefficiencies, and recognising
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opportunities for improvement. This should include the following analytical items representing the

equipment listed above:

¢ Identification of underutilised heat sources or sinks to enhance energy efficiency.

e  Visualisation of energy recirculation loops, enabling assessment of their efficiency and
performance.

e  Assessment of dependencies on external energy utilities, allowing for enhanced resilience and
sustainability.

¢ Highlighting modular or scalable components to facilitate adaptability in the face of changing
energy demands or technological advancements.

Such synthesis supports refined design decisions and enhances operational strategies,
particularly as facilities pivot towards low-carbon or electrified heating solutions. Incorporating these
advanced methodologies and representational strategies will ultimately contribute to new trends and
updates in HEN development and representation, contributing to engineering practice.

3.2. Revisiting the Approaches for Heat Exchanger Network Design and Retrofit in the Age of Industrial
Electrification

The accelerating shift towards electrification in industrial processes has prompted a critical
reassessment of established design and retrofit methodologies for HENs. As enhanced electrification
introduces new variables such as incorporating electric heating and cooling methods, fluctuations in
heat demand, decarbonization imperatives, and integrating renewable energy, selecting an
appropriate methodological framework becomes essential. The three principal paradigms for HEN
development and retrofit, such as Mathematical Programming (MP), insights-based approaches, and
hybrid methods, each present unique capabilities and inherent trade-offs crucial for navigating
modern electrified environments’ complexities.

Mathematical programming techniques have proven to be robust optimisation methodologies
that enable systematic synthesis and retrofit of HENs amidst intricate constraints [133]. These
methods typically employ formulations such as Mixed-Integer Nonlinear Programming (MINLP)
[134] or Mixed-Integer Linear Programming (MILP) [135] to account for both thermodynamic
viability and economic feasibility. In the context of industrial electrification, MP approaches can be
augmented to consider integrating electric heating and cooling systems, variable demand response
mechanisms, and fluctuating electricity pricing models. Recent studies have focused on optimising
networks that include electrified technologies like MVR systems [136] and electric boilers [137],
enabling a holistic approach to network optimisation. A heat integration superstructure that
facilitates multiple thermodynamic pathways for streams may undergo changes in pressure and
temperature. The superstructure is linked to a HEN superstructure, allowing for the integration of
hot and cold streams identified within the work and heat integration framework [138]. MP
approaches excel in tackling large-scale, complex problems with multi-objective optimisation,
integrating diverse techno-economic, environmental, and operational constraints [139]. They are also
highly compatible with automation and support scenario analysis. However, these methods face
challenges, such as high computational costs and a lack of transparency, making interpretation
difficult for end users and impeding decision-making.

Insights-based methodologies leverage thermodynamic principles, graphical analysis tools
(such as composite curves and grid diagrams, etc.)[140], and heuristic strategies to guide the HEN
design and retrofit endeavours [141]. In the electrification context, these approaches prove invaluable
for promptly identifying retrofit opportunities, visualising heat surpluses and deficits, making them
particularly useful during preliminary evaluations and design phases [142]. With the growing
utilisation of electrified technologies, graphical methods have evolved to accommodate non-
conventional heat sources and sinks, facilitating intuitive examination of electrification prospects and
potential shifts in pinch points due to electric heating or cooling strategies. Insights-based approaches
offer enhanced transparency and interpretability, making them particularly beneficial for users
during the initial design stages and applicable to small to medium-scale systems due to their minimal
computational requirements. However, these methods often result in suboptimal outcomes when

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1831.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 May 2025 d0i:10.20944/preprints202505.1831.v1

15 of 28

compared to MP approaches, and they may encounter challenges in scaling larger or more
constrained systems [143].

Hybrid techniques encapsulate the advantages of MP and insights-based methods, establishing
a balance between computational accuracy and conceptual clarity [144]. These methods typically
employ heuristic or graphical insights to define boundaries or structural frameworks for optimisation
problems, thereby reducing complexity and improving problem solvability [145]. Within electrified
systems, hybrid approaches can effectively pre-screen retrofit options or decarbonization strategies
using pinch analysis, followed by detailed MP-based optimisation [146]. Moreover, emerging hybrid
frameworks increasingly integrate dynamic simulations and multi-period optimisation strategies,
vital in contexts where electrification introduces operational variability, such as time-of-use
electricity pricing or intermittent renewable energy sources. Hybrid methods provide an improved
balance between achieving optimal solutions and ensuring user interpretability [119], making them
adaptable to multi-objective or multi-period optimisation scenarios while remaining scalable to
accommodate the evolving landscape of electrification technologies. However, their effective
implementation necessitates meticulous integration of various methodologies and may require
iterative processes throughout different design stages to refine outcomes effectively [147].

4, Case Studies in Different Industries

As global industries strive for decarbonization and enhanced operational efficiency, integrating
advanced energy systems has become a strategic necessity. Among the most significant
advancements are HEN and the electrification of thermal utilities, which facilitate considerable
energy savings, emissions reductions, and process performance improvements. Several case studies
illustrate how various sectors utilise HEN optimisation and electrified thermal systems to achieve
sustainability targets while preserving or enhancing profitability.

Electricity-based heating systems provide greater flexibility in the design of HEN compared to
fossil fuel-based systems, thereby significantly simplifying the design complexities associated with
electrification. This is exemplified by several case studies of heat recovery systems, where capital
costs and design complexities are minimised by effectively integrating the characteristics of the
electrified energy supply into the overall system design [23]. The HEN of the gas separation plant in
Thailand was retrofitted by reducing the temperature approach by applying two NLP optimisation
steps, resulting in environmental and financial benefits [148]. A novel optimisation approach was
proposed to achieve solutions in a multi-objective context efficiently. The case study focuses on a real
industrial-scale crude oil distillation preheat configuration. The findings demonstrate that
prioritising carbon compensation for the waste heat recovery option can substantially reduce carbon
emissions and transform energy distribution within the system [149]. A highly efficient, fully electric
milk evaporation system was developed through strategic integration and selection of heat pump
and MVR technologies. In this context, the study presents an effective process integration and
electrification method, resulting in a 32% OPEX reduction and 82% lower emissions [52]. Another
effective application for a hydrogen plant with carbon dioxide capture was investigated [150].
Integrating decentralised heat pumps that facilitate heat exchange between process streams and
electric heaters yields a modest reduction in energy consumption of approximately 56% in the milk
industry, and profitability was proved with energy price forecasts from 2020 [151].

The reconfiguration for electrification and the reduction of carbon emissions in conventional
chemical processes was examined, with a particular emphasis on the indirect electrification of
processes and the direct electrification of utilities. The research utilises a case study of the advanced
Coal-to-Ethylene Glycol process with energy efficiency improvement of about 50% and reduced
carbon dioxide emissions [152]. To decarbonise the petrochemical industry, a utility system was
modelled to supply electricity and heat to an olefins plant located in the Port of Rotterdam.
Mathematical optimisation techniques were employed to determine the optimal hourly operations of
the plant in response to fluctuating energy prices. The analysis reveals that the cost-optimal utility
system comprises electric boilers, integrated thermal energy storage, and technologies for the on-site
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production, storage, and utilisation of hydrogen [153]. Seasonal availability of renewables is crucial
for an electrified industrial system. A multi-period graph-theoretical methodology to identify the
optimal retrofit strategy for achieving electrification was introduced, taking into account economic
and environmental considerations [154]. Another case study in the chemical industry explores the
adjustment of stream temperature and HEN synthesis for combining high-temperature co-
electrolysis and the Fischer-Tropsch process for carbon capture, reducing electricity targets and
increasing plant revenue [155]. The integration of electrification with the inherent storage capacity of
the steam network has led to a potential average increase in profits for industrial facilities with a large
steam network. A reduction in emissions was estimated at 18 tCO,/d, and additionally, a potential
decrease in blow-off steam of 0.24 t/h [156].

The model-based approach for the indirect integration of multiple parallel ORCs was introduced
in [157]. The comprehensive model encompasses the extraction of waste heat and power generation.
A modified superstructure was proposed to facilitate heat extraction modelling, which streamlines
the HEN development and minimises computation time. The application of ORC solutions for
cement factories may achieve 43% self-coverage of power demand or grid supply, increasing the
profitability of the existing production facility [158]. In the cement industry, the electrification of
clinker and calcination processes also represents a viable decarbonization strategy [159]. Integrating
MVR and bottom flash technologies with the ORC system enhances the recovery and reutilization of
low-temperature waste heat in ethyl acetate/cyclohexane separation. Energy efficiency of the process
was improved by 17 %, reducing total annual cost by 8 % [160]. MVR technology is widely used in
distillation processes. An exergy-based optimisation method that facilitates enhanced heat load
distribution was introduced for acetone-water mixture distillation, resulting in significant
improvements in internal efficiency. This optimisation further supports the conceptual design of heat
pump-assisted distillation, utilising MVR to supply heat loads to the intermediate heat exchangers
[161]. The concurrent implementation of HEN retrofitting and MVR in a calcium chloride evaporation
facility reduced carbon dioxide emissions by 19 ktCO:/y and achieved a 51% decrease in steam
consumption. This significant reduction in steam usage presents opportunities for CAPEX savings
when transitioning the process to electric steam boilers [162].

In addition to the insights gained from these case studies, it is beneficial to incorporate thermal
energy storage systems, especially when integrated with electrified utilities, as illustrated in reference
[163]. This combination enhances the efficiency and reliability of energy supply and allows for better
management of energy consumption during peak demand periods. By leveraging thermal energy
storage, facilities can store excess energy generated during off-peak times and utilise it when demand
increases, effectively reducing reliance on grid energy and leading to a more sustainable energy
strategy.

5. Conclusions

The electrification of industrial energy systems marks a critical advancement in the quest for
deep decarbonization, necessitating the reconfiguration of HENs as both a technical imperative and
an avenue for innovation. This review systematically explores the complex challenges and emerging
strategies in designing, optimising, and retrofitting HENs within electrified contexts. Significant
technological shifts, such as the substitution of fossil-fuel-based utilities with electric boilers, heaters,
and advanced heat engines, are reshaping utility configurations, heat recovery methodologies, and
the balance between capital and operating expenditures.

A particularly transformative element is the integration of utilities operating across multiple
temperature levels, including heat pumps, MVR, and ORC. These innovations introduce new
thermodynamic and economic complexities, particularly within multi-pinch network architectures.
Concurrently, the electrification process has broadened the potential for low-grade heat recovery,
driving the adoption of advanced heat transfer enhancement techniques and investigating novel
materials and geometries in heat exchanger design.
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This evolving landscape necessitates a reevaluation of traditional HEN methodologies.
Mathematical programming techniques provide accuracy and robustness for large-scale, multi-
objective optimisation problems, while insights-based and hybrid methodologies facilitate
conceptual clarity and computational efficiency. Future research efforts must emphasise the
integration of dynamic system behaviours, variable energy pricing, and the variability of renewable
electricity within HEN optimisation frameworks.

In addition to technical design considerations, aligning economic and environmental
performance metrics is essential. Assessments of CAPEX and OPEX, fluctuations in energy pricing,
and the integration of thermal energy storage will be crucial in justifying investments in electrified
HENSs. Moreover, graphical and simulation tools should be updated to accurately represent the
complexities of modern electrified utility systems.

The advancement of next-generation HENS for electrified industrial processes is foundational to
meeting climate objectives, improving energy efficiency, and enhancing operational resilience.
Industrial HENs can evolve from fossil-fuel-dependent frameworks to flexible, intelligent, and
sustainable energy networks by combining methodological innovation, digital integration, and
system-level thinking.
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